Introduction
Recently, in mobile electronic equipment such as cellular phones and personal computers, trends toward miniaturization, higher performance, and lower electric power con- ). 
where s is the overlap area of internal electrodes, n is the number of the internal electrode layers, ε r is the relative dielectric constant (K) of the dielectric ceramic, t is the thickness of the dielectric layer, and ε0 is the dielectric constant of free space.
Thus, requirements for achieving large- 
Therefore, for BME applications, it is important to develop nonreducible dielectrics that can maintain high insulation resistance after firing in a reducing atmosphere. In the case of use of Cu electrodes, low-temperature sintering below the melting point of Cu (MP=1080°C) is required in addition to nonreducibility.
In the second half of the 1990s, a sudden rise in Pd prices has accelerated non-use of Pd as internal electrodes, and concern about environmental contamination by lead (Pb) compounds in electronic components has rapidly promoted the use of base metals such as Ni and Cu in low-cost MLCC development.
With progress in fabrication technology of thin sheets and development of nonreducible dielectrics capable of using inexpensive Ni in internal electrodes, the production of Ni-MLCCs has markedly increased with a focus on large-capacitance products. During the past decade, the thickness of the dielectric layer has reduced from 10µm to about 2 µm, and MLCCs composed of 500 or more laminated layers have already been massproduced. Figure 4 shows the cross-sectional view of an EIA 1812 case size In this paper, we will describe the development of nonreducible dielectrics suitable for thin-dielectric-layer Ni-MLCCs with large capacitance and also present the electrical properties and reliability of Ni-MLCCs. Some of the future perspectives of BME MLCCs are also discussed.
Development of Nonreducible Dielectrics for Ni-MLCCs
The study on BaTiO3-based nonreducible dielectrics for producing Ni-MLCCs was initiated by Herbert 17) in the early 1960s. Up to the 1970s, the development of nonreducible dielectrics was mainly achieved by the addition of acceptors such as MnO and Cr2O3. [18] [19] [20] As shown in eq. (4), it is considered that conduction electrons are trapped by the acceptors so that the decrease in insulating resistance is suppressed.
In the 1980s, Sakabe et al. 21) found that Table III . [39] [40] [41] [42] [43] Ti site:
We found that samples containing rareearth elements exhibited significantly im- On the other hand, Nakano et al. 48) showed that the lifetime of Ni-MLCCs significantly improved by the addition of Y2O3 into nonreducible dielectrics. They studied the reason for the improved reliability and concluded that Y2O3 acts as a donor according to eq. (5) and compensates for oxygen vacancies caused by acceptors, such as MnO, which were added for enhancing nonreducibility. Since the ionic radius of Y2O3 is very close to that of Ho2O3 as shown in Table IV, their experimental results agreed well with our results. However, the reason why only rare-earth elements having specific ionic radii exhibited a significantly improved reliability
are not yet sufficiently clarified and it is one of the subjects for future studies.
As described above, the reliability of the Ni-MLCCs strongly depends on the ionic radii of rare-earth elements. Therefore, it is considered that the reliability is related to the solu- 
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It is also well known that the degradation of insulation resistance of dielectrics at a high electric field strongly depends on the microstructures such as the grain size of the ceramics, 49) in addition to the composition such as the above-described donor/acceptor ratio. 
Effect of Rare-earth Doping

Dielectric properties and microstructure
The resistivity of BaTiO3 ceramics at room temperature strongly depends on oxygen diffusion (re-oxidation) at the cooling stage during firing. It is desirable for the X7R MLCC that a change in capacitance be as small as possible before and after various reliability tests, in addition to flat temperature dependence. 
Core-shell formation behavior
Kishi et al. 56) ture of the BaTiO3-MgO-R2O3-based system required strict control of the MgO/R2O3 ratio and the firing condition, depending on the ionic radius of the rare-earth element.
Site occupancy study
As described above, the dielectric properties and microstructure of the BaTiO3-MgO-R2O3-based system is strongly dependent on the ionic radius of the rare-earth element. These results also revealed that the occupancy ratio of rare-earth elements in the BaTiO3 lattice strongly affected both the electrical properties and microstructure of Ni-MLCCs. 
Tc shift by re-oxidation
Electrical Properties of BME MLCCs
Effect of reduction of dielectric layer thickness
With trends toward thinner dielectric layer thickness and larger capacitance of NiMLCCs, the intensity of the electric field that is applied to the dielectric layers increases significantly. In particular, in the Y5V dielectrics involving grain growth, only one grain is present in a layer when the layer thickness decreases to about 3µm. Thus, it is important to understand a change in dielectric properties due to thinning of the layers and dielectric properties in a strong electric field. Chazono et al. 69) investigated the effect of AC electric field on Ni-MLCCs having various dielectric layer thicknesses using Y5V dielectrics based on Ba(Ti,Zr)O3. As the thickness of the dielectric layer decreased, the peak of the K value broadened and shifted toward a lower temperature. Such a change in the temperature dependence of the K was approximately elucidated by the dependence of the intensity of the AC electric field applied to the dielectrics.
Tsurumi et al. 70) proposed that the depen- Figure   18 shows the frequency dependence of the K of a X7R MLCC sample with a thickness of 3. properties, the microstructure, the oxygen vacancies, and the internal stress is required.
Effect of microstructural evolution
Mizuno et al. 74) investigated the effect of the milling process for BaTiO3-MgO-Ho2O3-based X7R dielectrics on the core-shell formation behavior and dielectric properties. 
Future Perspective
In recent decades, fabrication technology ing low-firing-temperature dielectric materials will be carried out intensively. Cu-MLCC for high-frequency application has already been mass-produced, using CaZrO3-based dielectrics having a K value of about 30. 85) It is still necessary to study higher K materials having dense structure and good electrical properties even when fired at low temperatures below 1000°C. Regarding lower ESL, the current structure of MLCCs reaches the critical limit;
hence, the formation of thin-film capacitors on a Si semiconductor or a circuit substrate is being investigated. 86) There are still many problems for accomplishing highly integrated MLCCs with ultralarge capacitance of more than 100 µF.
We must pay attention to both materials and process technologies to meet future requirements.
Conclusions
Recent progress in the field of non-reduc- 
